Background: Autophagy, a catabolic degradation process, has been shown to promote and inhibit cell growth. Results: ULK2, an upstream autophagy initiator, is silenced by methylation in glioblastoma, and its ectopic expression inhibited astrocyte transformation and glioma cell growth through autophagy. Conclusion: ULK2 down-regulation is important for the astrocyte transformation and tumor growth. Significance: Autophagy inhibition is essential for glioma development.
Glioblastoma (GBM) is the most aggressive type of brain tumor and shows very poor prognosis. Here, using genome-wide methylation analysis, we show that G-CIMP؉ and G-CIMPsubtypes enrich distinct classes of biological processes. One of the hypermethylated genes in GBM, ULK2, an upstream autophagy inducer, was found to be down-regulated in GBM. Promoter hypermethylation of ULK2 was confirmed by bisulfite sequencing. GBM and glioma cell lines had low levels of ULK2 transcripts, which could be reversed upon methylation inhibitor treatment. ULK2 promoter methylation and transcript levels showed significant negative correlation. Ectopic overexpression of ULK2-induced autophagy, which further enhanced upon nutrient starvation or temozolomide chemotherapy. ULK2 also inhibited the growth of glioma cells, which required autophagy induction as kinase mutant of ULK2 failed to induce autophagy and inhibit growth. Furthermore, ULK2 induced autophagy and inhibited growth in Ras-transformed immortalized Baby Mouse Kidney (iBMK) ATG5 ؉/؉ but not in autophagy-deficient ATG5 ؊/؊ cells. Growth inhibition due to ULK2 induced high levels of autophagy under starvation or chemotherapy utilized apoptotic cell death but not at low levels of autophagy. Growth inhibition by ULK2 also appears to involve catalase degradation and reactive oxygen species generation. ULK2 overexpression inhibited anchorage independent growth, inhibited astrocyte transformation in vitro and tumor growth in vivo.
Of all autophagy genes, we found ULK2 and its homologue ULK1 were only down-regulated in all grades of glioma. Thus these results altogether suggest that inhibition of autophagy by ULK1/2 down-regulation is essential for glioma development. 3 is the second most common type of primary brain tumor in adults (1) . Despite significant advancements in therapy, which includes surgery, radiotherapy, and chemotherapy, the prognosis of GBM remains very poor (2) . Genetic studies of glioma have identified many biomarkers (prognostic as well diagnostic) and therapeutic targets (3) (4) (5) . In the recent past, studies on epigenetics, mainly on DNA methylation, have helped in the identification of many prognostic markers for GBM, which include MGMT promoter methylation and Glioma-CpG Island Methylator Phenotype (G-CIMP) (2, 6) .
Glioblastoma (GBM)
The promoter hypermethylation of tumor suppressor genes is a common mechanism of gene inactivation (7) . Many known tumor suppressors including RB and p53 pathway genes are silenced in different cancers because of promoter hypermethylation (8) . These tumor suppressor genes can be re-expressed using different methylase inhibitors, which can help in cancer chemotherapy (9) . Indeed, use of 5-aza-2Ј-deoxicytidine has been approved for the treatment of myelogenous leukemia (10) .
Autophagy, an evolutionarily conserved response to stress and starvation, is responsible for the degradation of non-functional organelles and proteins (11) . Autophagy is also linked to cell death and is known as type II programmed cell death mechanism (12) . Autophagic cell death process is quite different and more complex than that of type I programmed cell death or apoptosis. The exact mechanism of autophagic cell death is not known and is an interesting topic of investigation. Autophagy has been shown to promote or inhibit tumorigenesis based on the tumor type and stage (13, 14) . The role of autophagy in gliomagenesis is not well understood. Reports have shown that the higher expression levels of the pivotal autophagy genes, LC3 and Beclin1 correlate with the better survival of GBM patients (15) , suggesting the growth inhibitory effect of autophagy in GBM. Temozolomide, the drug of choice for GBM treatment, * This study was supported by a grant from DBT, Government of India.
utilizes autophagy mediated mechanism to induce cell death in glioma-derived cell lines (16) . Further, rapamycin, an mTOR inhibitor, inhibits glioma cell lines in vitro and tumor growth in mouse xenograft model by inducing autophagy (17) . While these reports suggest the growth inhibitory role for autophagy in glioma, autophagy inhibitors like Lys01 induces cell death in glioma cell lines (18) . Similarly, hypoxia-induced autophagy was found to be cytoprotective leading to glioma cell survival (19) . Thus autophagy appears to have a dual role in the chemosensitivity of glioma cells. However, there are no studies that have investigated the role of autophagy in glioma development.
In this study, we have performed genome-wide DNA methylation and identified ULK2, the autophagy inducer gene, as one of the hypermethylated and down-regulated genes in GBM compared with normal brain. We also demonstrate that ULK2 overexpression inhibited the glioma cell growth in an autophagy-dependent manner. Further, ULK2 inhibited the astrocyte transformation in vitro and tumor growth in vivo. Finally, we also provide evidence that the down-regulation of ULK1 (homologue of ULK2) and ULK2 is essential during gliomagenesis.
EXPERIMENTAL PROCEDURES
Patient Samples and Clinical Data-Tumor samples used for study were obtained from patients who were operated on at Sri Sathya Sai Institute of Higher Medical Sciences (SSSIHMS) and National Institute of Mental Health and Neurosciences (NIMHANS), Bangalore, India. Non-tumor brain tissue samples (anterior temporal lobe) obtained during surgery for intractable epilepsy were used as control samples. Tissues were bisected, and one-half was snap-frozen in liquid nitrogen and stored at Ϫ80°C until DNA/RNA isolation. The other half was fixed in 10% neutral buffered formalin and processed for paraffin sections. These sections were used for the histopathological grading of tumor and immunohistochemical staining. The written consent from all patients was obtained prior to initiation of the study as per IEC guidelines and approval.
A total of 108 GBM samples and 16 normal brain samples were used in this study. Out of these samples, 64 GBMs and 9 normal brain samples were used for real time RT-PCR validation of the ULK2 gene, and 44 GBM and 8 normal brain samples were used for the Infinium methylation assay.
Genomic DNA Extraction and Sodium Bisulfite Conversion-DNA from these tissues was isolated using QIAamp DNA mini kit (Qiagen). DNA was quantified and used for bisulfite conversion with the EZ DNA methylation kit (Zymo Research) as suggested by the manufacturer. In brief, 1 g of DNA was mixed with 5 l of M-dilution buffer, and the final volume was made up to 45 l and incubated at 42°C for 20 min. After incubation, 100 l of CT Conversion Reagent was mixed and incubated in a thermocycler overnight (95°C 30 s, 50°C 1 h, 16 cycles). Bisulfite-converted DNA was then column-purified using a ZymoSpin IC column and eluted in water. This bisulfite converted DNA was then used for the Infinium methylation assay as suggested by the manufacturer.
Differential Methylation and Other Statistical Analysis-We utilized Infinium methylation27 BeadChip (Illumina, San Diego, CA) for DNA methylation analysis. Infinium array interrogates 27,578 CpG sites covering 14,495 genes. DNA methylation analysis was performed using 44 GBM and 8 normal samples as described before (20) . Briefly, intensities obtained from the Infinium array was used to calculate the beta value, the methylation index, using the following formula: ␤ value ϭ (signal intensity of M Probe)/[(signal intensity of M ϩ U probes) ϩ100].
We performed a two-sided t test, and p values were adjusted using the method of Benjamini and Hochberg, to select the probes that are significantly differentially methylated in GBM compared with normal. It identified 567 CpGs hypermethylated and 1097 CpGs hypomethylated in GBM compared with normal; thus making the total differentially methylated CpGs in GBMs to 1664. Further, to select the probes with biologically meaningful methylation differences, we removed all the CpGs, which were showing the average beta value difference less than 0.3 between GBMs and normal, which identified 261 CpGs as hypermethylated and 427 CpGs as hypomethylated. Then the list of differentially methylated genes was compared with the expression data generated by The Caner Genome Atlas (TCGA), to find out the genes whose expression level negatively correlate with methylation. On comparison, we found that the genes corresponding to 62 CpGs out of 261 hypermethylated CpGs to be down-regulated, and the genes corresponding to 55 CpGs out of 428 hypomethylated CpGs to be up-regulated in GBM. This correlation further reduced the functionally relevant differentially methylated CpGs to 117 (62 hypermethylated and 55 hypomethylated).
All quantitative data were recorded as median Ϯ S.D. A comparison between two groups was performed by the two-sided t test using GraphPad Prism 5.01. To compare the transcript levels of ULK1, ULK2, ULK3, ULK4, ATG101, FIP200, BECN1, UVRAG, Bif1, ATG12, ATG13, ATG4C, ATG5, and ATG7 in normal brain and GBMs, the expression values were obtained from The Cancer Genome Atlas (TCGA) dataset (Agilent and Affymetrix), GSE22867 dataset, and REMBRANDT (3) dataset. A two-sided t test was performed to obtain the significance in the difference.
G-CIMP Identification-We utilized the method described by Noushmehr et al. (6) to identify the G-CIMP population in our dataset. Briefly, we took the methylation value of 1503 probes for all the patients of our lab dataset and performed K-means clustering using R software. The program divided the patients into 3 groups. The smallest cluster consisting of 5 patients was considered as G-CIMP positive as they showed increased methylation of majority of 1503 probes and also increased overall survival, though survival difference was not significant due to a lower number of G-CIMPϩ samples (supplemental Fig. SF1A, B, and C) .
Cell Lines and Plasmids-Glioma cell lines U138, U343, LN229, U251, U87, and U373 were grown in DMEM while SVG cells were grown in MEM medium. The medium was supplemented with 10% FBS, penicillin, and streptomycin. Normal human astrocytes were a kind gift from Dr. Abhijit Guha. Wildtype iBMK and ATG5 Ϫ/Ϫ iBMK cells were a kind gift from Prof. Eileen White, Cancer Institute of NJ (20) and were grown in DMEM with 10% FBS, penicillin, and streptomycin. ULK2 overexpression construct (Myc and DDK tagged) and vector control was obtained from Origene. Mouse ULK2, mutant mouse ULK2, human ULK2, human ULK1, mouse ULK1 overexpression constructs were obtained from Addgene. mCherry-tagged LC3 was a kind gift from Dr. Tamotsu Yoshimori, Osaka University, Japan.
Bisulfite Sequencing-CpG island of ULK2 promoter and bisulfite sequencing primers were identified using MethPrimer. The PCR mixture contained 100 nM of each primer, 200 ng of bisulfite-treated DNA, 1.25 units of TaqDNA Polymerase (NEB), 0.2 M deoxynucleotide triphosphate (dNTP; each), and 4 mM MgSO 4 in a final volume of 20 l. PCR products were purified and cloned in pGEM-T easy vector system (Promega), which was then used to transform into the DH5a bacteria. The transformed colonies were then grown in LB medium with ampicillin. The plasmid was isolated using QIAprepSpinMiniprep Kit (Qiagen) and sequenced using M13 primers. Sequences were analyzed using the web-based tool QUMA.
RNA Isolation and Real-time Quantitative RT-PCR Analysis-RNA was isolated using TRI reagent (Sigma), and cDNA was made using the high capacity cDNA reverse transcription kit (Life Technologies). For real-time PCR ABI PRISM 7900 HT Sequence Detection System (Life Technologies) was used. Expression was analyzed using GAPDH, 18 S RNA, and RPL35a as a reference gene and the ⌬⌬Ct method (4).
5-Aza-2Ј-deoxycytidine Treatment-Cells (1.5 ϫ 10 6 per 60-mm dish) were plated and incubated for 12 h. After 12 h, they were treated with different concentrations of 5-aza-2Ј-deoxycytidine for 72 h or 120 h. After treatment, total RNA was isolated and used for real-time PCR.
Immunohistochemistry (IHC)-IHC was performed for the protein expression of ULK-2 on 52 samples that included 8 control samples and 44 GBM tumors. Formalin-fixed paraffinembedded sections of 4-m thickness were collected on silanecoated slides and deparaffinized., Antigen retrieval was done by heat treatment in Tris EDTA buffer (pH 9). After the initial processing steps, sections were incubated overnight at 4°C with anti-ULK-2 (from Sigma-Aldrich, (C-HPA009027: diluted to 1:25), followed by incubation with secondary antibody (QD440-XAK, Biogenex), and the reaction was visualized using 3,3Ј-diaminobenzidine (Sigma-Aldrich) as a chromogenic substrate. A positive control (normal human cerebellum) and a negative control slide (in which the primary antibody is omitted) were included with each batch of staining. A visual semiquantitative grading scale was applied to assess the intensity of immunoreactivity. The assessment was scored as absent staining, moderate, and strong staining.
COBRA Analysis-Genomic DNA was isolated from the different cell lines using Qiagen DNA prep kit. gDNA was then used for bisulfite conversion using a Zymo bisulfite conversion kit. A part of CpG island of ULK2 promoter was amplified by PCR. The PCR mixture contained 100 nM of each primer, 500 ng of bisulfite-treated DNA, 2.5 units TaqDNA Polymerase (NEB), 0.2 M deoxynucleotide triphosphate (dNTP; each), and 4 mM MgSO 4 in a final volume of 50 l. The PCR product was then gel purified using Fermentas gel purification column and digested with BstUI (NEB). Digested PCR products were separated on 2.2% agarose gels and visualized. BstU1 recognizes CGCG and cleaves the DNA. Bisulfite treatment converts unmethylated C to U (eventually in T during PCR amplification). Based on the methylation status of DNA, BstU1 cleaves (methylated DNA) or fails to cleave (unmethylated DNA).
Colony Formation Assay-Colony suppression assays were done in 6-well plates. Cells (0.4 ϫ 10 6 per well) were plated and transfected with different expression construct using Lipofectamine 2000 transfection reagent. The cells were selected in G418 supplemented medium at 24 h after transfection. Resistant cells were maintained for 3-4 weeks in culture. After incubation, colonies were fixed and stained with crystal violet and counted.
Stable Cell Line Generation-For stable generation, cells were (0.4 ϫ 10 6 per well) plated and transfected with different plasmids using Lipofectamine 2000 transfection reagent. After 24 h of transfection. The transfected cells were selected with G418 for 3 weeks and individual clones transferred to a new plate and grown. Some cells were simultaneously harvested to confirm increased expression of the transfected gene by realtime PCR. These cells were then used for different studies.
Proliferation Assay-For the proliferation assay, 5 ϫ 10 4 cells were plated in 6-well plates and allowed to settle for 24 h. Cell proliferation was monitored using a ViCell counter (Backman Coulter) by counting the cell number every alternate day.
LC3 Confocal Microscopy-Cells were plated on coverslips in a 6-well plate. After 12 h of plating, cells were transfected with LC3-mCherry and ULK2 or vector and incubated for 8 h, before media was changed. After 36 h of transfection, cells were fixed with 4% paraformaldehyde and washed with PBS. Cells were then mounted on slide using antifade as mounting media. For LC3 confocal analysis of Ras-transformed iBMK ATG5 ϩ/ϩ and ATG5 Ϫ/Ϫ cells, cells were plated on coverslips in a 6-well plate and incubated for 12 h. These cells were then transfected with ULK2 or vector and incubated for 8 h, before media was changed. After 36 h of transfection, cells were fixed with 4% paraformaldehyde and washed with PBS. Cells were then mounted on slides using antifade as mounting media.
In Vitro Transformation Assay-Immortalized human astrocytes (with E6/E7/hTERT) were plated in a 6-well plate (0.4 ϫ 10 6 cells per well). Cells were then transfected with Ras either with vector or with the ULK2 overexpression construct using Lipofectamine 2000 transfection reagent. After 24 h of transfection, cells were plated in soft agar to select the transformed colonies.
In Vivo Tumor Formation-Animal experiments were performed according to the local animal ethics commission protocols. 100 l of single cell suspension of 3 ϫ 10 6 cells were injected subcutaneously. The tumor diameters were measured using calipers, and measurement was done every 3rd day. Tumor volumes were determined using the following formula:
CNV Calculation-For copy number variation, UCSC cancer genome browser was used. Copy number variation was calculated using the TCGA dataset (n ϭ 576). For each gene, CNV was calculated and shown in the form of a boxplot. The box represents the first and third quartiles, and the middle line rep-resents the median. The color intensity is proportional to the deviation from the median.
RESULTS

Genome-wide DNA Methylation Analysis of G-CIMPϩ and G-CIMP-GBM Reveals Enrichment of Distinct Biological
Processes-To dissect the DNA methylation pattern of GBM, we performed genome wide methylation analysis (n ϭ 44 GBM and n ϭ 8 normal brain samples) using Infinium methylation27 BeadChip array. Differential methylation analysis revealed hypermethylation of the CpGs in CpG islands in GBM compared with normal samples (p ϭ 0.027), while the CpGs from non-CpG islands showed hypomethylation in GBM compared with normal (p ϭ 0.0002) in our lab dataset (Fig. 1, A and B) . This observation was also confirmed using another dataset-GSE28867 (Fig. 1, C and D) . Thus, as observed in other cancers (21) , GBM also shows hypomethylation of CpGs from nonCpG island areas and hypermethylation of CpGs from CpG islands.
Next, to find differentially methylated genes in GBM, we utilized a highly rigorous statistical analysis (see "Experimental Procedures" for detail) and identified 62 CpGs (54 genes) to be FIGURE 1. Methylation analysis of normal brain and GBM samples. A, beta values of CpGs located in the CpG Island were taken from the lab dataset. The average beta values of these CpGs was calculated in normal brain and GBM samples and plotted. B, beta values of CpGs located in non CpG Island area were taken from the lab dataset. The average beta values of these CpGs were calculated in normal brain and GBM samples and plotted. C, beta values of CpGs located in CpG Island were taken from the GSE28867 dataset. The average beta values of these CpGs was calculated in normal brain and GBM samples and plotted. D, beta values of CpGs located in non CpG Island area were taken from GSE28867 dataset. The average beta values of these CpGs were calculated in normal brain and GBM samples and plotted. E, heat map of beta values of significantly differentially methylated CpGs between G-CIMP-and normal brain samples. A dual color code was used of red for increased beta value and green for decreased beta value. F, heat map of beta values of significantly differentially methylated CpGs between G-CIMPϩ and normal brain samples. A dual color code was used indicating red for increased beta value and green for decreased beta value. G, heat map showing significantly differentially methylated (left; our dataset) and expressed genes (right; expression values from the TCGA dataset) in G-CIMP, compared with normal. A dual color code was used indicating red for increased beta value and green for decreased beta value for methylation; and for expression, red indicates increased expression, and green indicates decreased expression. H, heat map showing significantly differentially methylated (left; our dataset) and expressed genes (right; expression values from TCGA dataset) in G-CIMP ϩ compared with normal. A dual color code was used indicating red for increased beta value and green for decreased beta value for methylation, and for expression; red indicates increased expression, and green indicates decreased expression.
hypermethylated and down-regulated and 55 CpGs (51 genes) to be hypomethylated and up-regulated in GBM (supplemental Table ST1 ). Glioma-CpG island methylator phenotype (G-CIMP) corresponds to a distinct subtype of GBM with concerted hypermethylation at a large number of loci (6) . G-CIMPϩ tumors have a unique methylation profile compared with G-CIMP-tumors and associated with IDH1 mutation (6) .The analyses of the G-CIMPϩ and G-CIMP-tumors independently, identified several group-specific (G-CIMP-: 284 genes; G-CIMPϩ: 31 genes) and common (n ϭ 6 genes) differentially methylated genes compared with normal brain samples (Fig. 1, E and F; supplemental Table ST2 ). It is interesting to note that all the 6 genes (ULK2, RPL39L, HIST1H1A, RTKN, LEP, and APCDD1), which are differentially methylated in both groups, were found to be hypermethylated in GBM. Further analysis revealed that only a subset of these genes (G-CIMP-: 74, G-CIMPϩ: 17, and common: 3) were found to be showing opposite transcript regulation, suggesting they are the physiologically relevant differentially methylated genes (Fig. 1 , G and H; supplemental Table ST3 ). Three genes that were found to be hypermethylated and down-regulated in GBM, are RPL39L, ULK2, and HIST1H1A. To understand the biological significance of G-CIMPϩ and G-CIMP-specific differential methylome, gene ontology analysis was carried out. We found that different biological processes are enriched in these two groups (supplementary Table ST4 ). While the G-CIMPϩ tumors, which are less aggressive with good prognosis are enriched for cell death pathways, catabolic processes, and protein kinase cascade, the G-CIMP-tumors, which are more aggressive with poor prognosis, are enriched for various development and differentiation pathways, inflammatory, and immune response pathways.
ULK2 Is Hypermethylated and Down-regulated in Glioma-ULK2, which is methylated and silenced as shown above, was particularly interesting as it is essential for autophagy induction. Further analysis revealed that ULK2 (CpG ID: cg12324629) is hypermethylated in our lab dataset and TCGA and GSE28867 datasets ( Fig. 2A) . The ULK2 transcript is downregulated in GBM from four datasets and also in glioma-derived cell lines compared with control brain samples (Fig. 2, B and C) . A significant negative correlation was seen between methylation and transcript levels of ULK2 (Fig. 2D) . The ULK2 protein expression determined by IHC showed a moderate to strong staining among glial cells. While the majority of control brain samples showed positive staining (6/8; 75%), only 37.5% (11/44) of GBM samples were positively stained (Fig. 2E) . Bisulfite sequencing validated the hypermethylation of the ULK2 promoter in GBM and glioma cell lines as against normal brain samples ( Fig. 2F; supplemental Table ST5 ). The methylation inhibitor, 5-aza-2Ј-deoxycytidine, treatment resulted in the reexpression of ULK2 transcript, and protein (Fig. 2, G and H,  respectively) . 5-Aza-2Ј-deoxycytidine-treated cells showed reduced methylation of ULK2 promoter as analyzed by COBRA (Fig. 2I) . We conclude from these experiments that ULK2 expression is silenced by promoter methylation in GBM.
ULK2-induced Autophagy Mediates Cell Growth InhibitionAutophagy can promote both cell survival and cell death in a context-dependent manner (22) . Since ULK2 is methylated and silenced in GBM, we hypothesized that ULK2-induced autophagy may be growth inhibitory in glioma. Ectopic expression of human ULK2 (hULK2) along with mCherry LC3 in LN229 glioma cells resulted in autophagy induction as seen by a severalfold increase in mCherryLC3 puncta formation (Fig. 3A) and increased (7.5-fold) accumulation of LC3-II (Fig. 3B, compare lane 4 with 1) . In addition, autophagy induced by nutrient starvation or temozolomide treatment is further increased upon ectopic expression of hULK2 (Fig. 3B , compare lane 5 with 2 and 6 with 3 and Fig. 3C ). Ectopic expression of hULK2 also resulted in suppression of colony formation (Fig. 3D ) and reduced proliferation (Fig. 3E) in glioma cell line (s) . Re-expression of endogenous ULK2 by methylase inhibitor treatment resulted in autophagy induction in a ULK2-dependent manner as seen by the change in the accumulation of LC3 II (Fig. 2H ; compare lane 2 with 1 and 4 with 3) . In addition, methylase inhibitor treatment inhibited cell growth, which was significantly abrogated upon ULK2 silencing by siRNA (Fig. 2J) .
Autophagy induction appears to be essential for ULK2-induced growth inhibition as a kinase mutant (K39T) of mouse ULK2 (mULK2 mutant), deficient for autophagy induction, failed to inhibit proliferation, while wild-type mouse ULK2 (mULK2), and wild-type hULK2 efficiently inhibited proliferation in LN229 cells (Fig. 3F) .To further validate this observation, we used Ras-transformed iBMK ATG5
ϩ/ϩ and ATG5
Ϫ/Ϫ cells (23) . Ectopic expression of mULK2-induced autophagy efficiently in iBMK ATG5 ϩ/ϩ cells as seen by increased mCherry LC3 puncta formation and the appearance of the LC3 II band but not in iBMK ATG5
Ϫ/Ϫ cells (Fig. 3, G and H, respectively). Both hULK2 and mULK2 suppressed colony formation and proliferation efficiently in iBMK ATG5 ϩ/ϩ cells (Fig. 3 , I and J, respectively). As expected, the kinase mutant of mULK2 failed to suppress colony formation and proliferation. However, in iBMK ATG5 Ϫ/Ϫ cells, both ULK2 and mULK2 failed to inhibit colony formation and proliferation (Fig. 3, I I and J, respectively). All these results indicate that autophagy is essential for ULK2-mediated growth inhibition.
Role of Apoptosis and Reactive Oxygen Species (ROS) in ULK2-mediated Cell Death-High levels of autophagy have been shown to inhibit growth by apoptosis-dependent cell death mechanisms (24) . To dissect the mechanism of growth inhibition by ULK2, apoptotic cell death by various methods and DNA synthesis by BrdU incorporation were measured. Ectopic overexpression of hULK2 alone induced apoptotic cell death minimally as seen by a slight increase in annexin V-positive cells (Fig. 4A compare bar 2 with 1) , cleaved caspase level (Fig. 3B, compare lane 4 with 1) , and caspase 3/7 activity (Fig.  4B) . BrdU incorporation assay confirmed significant DNA synthesis inhibition in cells with ectopic ULK2 overexpression (Fig.  4C) . Thus, the growth inhibition by ULK2 appears to involve both apoptosis and DNA synthesis inhibition. However, ectopic hULK2 overexpression in temozolomide pre-treated cells induced apoptosis significantly as seen by increased annexin V-positive cells (Fig. 4A, compare bar 4 with 3) . This was further supported by an increase in cleaved caspase levels (Fig. 3B , compare lane 6 with 3) and increased caspase 3/7 activity (Fig. 4B) . Similarly, starvation-induced apoptosis also increased upon hULK2 overexpression as seen by the increase in cleaved caspase levels (Fig. 3B, compare 5 with 2) . Thus, these results suggest ULK2-mediated growth inhibition indeed involves apoptosis-dependent cell death mechanisms. To further investigate the role of apoptosis in ULK2-mediated growth inhibition, ULK2-induced cell death was monitored under conditions where either autophagy or apoptosis was inhibited. While the autophagy inhibitor (3-methyladenine) treatment inhibited ULK2-induced cell death very efficiently, the apoptosis inhibitor (Z-VAD-FMK) treatment inhibited ULK2-mediated cell death very minimally (Fig. 4, D and E) . However, in temozolomide-treated cells, ULK2-induced cell death was inhibited very efficiently by both autophagy and apoptosis inhibitors (Fig. 4, D and E) . These results suggest that apoptosis appears to play an important role in ULK2-induced cell death in particular when there is induction of high levels of autophagy.
Autophagy-mediated cell death also involves selective degradation of catalase with the resultant increase in cellular reactive oxygen species (ROS) level (25) . We found that ectopic overexpression of mULK2, but not the kinase mutant, induced autophagy as seen by LC3 II formation and degradation of cat-FIGURE 2. ULK2 is methylation silenced in GBM. A, beta values of ULK2 in normal brain (lab dataset n ϭ 8, TCGA dataset n ϭ 4, GSE28867 dataset n ϭ 3) and GBM samples (lab dataset n ϭ 44, TCGA dataset n ϭ 264, GSE28867 dataset n ϭ 50) were taken and plotted in a box plot. The t test was performed between normal brain and GBM samples, and the p values are indicated. B, ULK2 transcript levels derived from indicated datasets were plotted. The t test was performed between normal brain (our dataset n ϭ 8, TCGA dataset n ϭ 4, GSE28867 dataset n ϭ 3, REMBRANDT n ϭ 28) and GBM samples (our dataset n ϭ 44, TCGA dataset n ϭ 264, GSE28867 dataset n ϭ 50, REMBRANDT n ϭ 227), and the p values are indicated. C, ULK2 transcript measured in different normal brain samples, Immortalized Human Astrocytes (NHA) and glioma cell lines using qRT-PCR are plotted. The expression is normalized using the average of ULK2 expression in normal brain samples and shown. D, correlation graph showing significant negative correlation between methylation and expression of the ULK2 gene in GSE28867 and TCGA dataset. E, sections of normal and GBM FFPE samples were probed with ULK2 antibody. Representative images show positive staining in normal glial cells and negative staining in GBM cells. (Original magnification ϫ160) . F, bisulfite sequence PCR analysis (BSP) of the ULK2 promoter. Each row represents the methylation pattern of one sample. The percentage methylation of promoter methylation was calculated and shown in supplemental Table ST4 . The percentage methylation was calculated as total percentage of methylated cytosines from 7-10 randomly sequenced colonies. TSS, transcription start site. Box represents the CpG analyzed by Infinium array. G, total RNA was isolated from glioma cell lines after treatment with 5-aza-2-deoxy cytidine (Aza), and the ULK2 transcript level was quantified by RT-qPCR. For each sample, the fold change in gene expression was calculated over its mean expression in untreated samples. H, total protein was isolated from LN229 cells treated or untreated with 5-aza-2-deoxy cytidine (Aza) transfected with siNT or siULK2 and ULK2, LC3 I/II and tubulin protein levels were measured. I, U87 and U251 cells were treated with a given concentration of aza-2-deoxy cytidine (Aza) for 4 days, and genomic DNA was isolated. COBRA was performed to see the methylation status of part of the ULK2 promoter. J, LN229 cells treated or untreated with 5-aza-2-deoxy cytidine (Aza) transfected with siNT or siULK2 and plated. Viable cells visualized by Trypan Blue staining were measured at different time points and plotted.
alase as seen by reduced catalase (Fig. 4F, compare lanes 3 and 2  with 1) . ULK2-overexpressing cells also had significantly increased cellular ROS levels compared with vector-transfected LN229 cells (Fig. 4G , compare bar 2 with 1) and was effectively abrogated by pre-treatment of cells with ROS scavenger (N-acetyl cysteine; NAC) ( Fig. 4G compare bars 4 with 2) . Further, LN229 cells with increased ROS upon ULK2 overexpression showed increased cell death and were rescued by NAC treatment (Fig. 4H, compare bars 3 and 4 with 1 and 2) . Next to confirm the importance of autophagy in ULK2-mediated ROS generation and cell death, we used Ras-transformed iBMK ATG5
ϩ/ϩ and ATG Ϫ/Ϫ cells. In ATG ϩ/ϩ cells, mULK2 overexpression induced ROS and cell death, which was rescued by the addition of NAC (Fig. 4, I and J, respectively). However, in ATG Ϫ/Ϫ cells, mULK2 failed to induce ROS and cell death (Fig.  4, K and L, respectively) . These results conclude that ROS generation plays an important role in ULK2-mediated cell death.
ULK2 Overexpression Inhibits in Vitro Astrocyte Transformation and in Vivo Tumor
Growth-Autophagy is a known inhibitor of the initial transformation event (26) . Since ULK2-induced autophagy inhibits cell growth, we hypothesized that ULK2 overexpression should inhibit transformation. Ectopic expression of hULK2 in LN229 inhibited anchorage-independent growth as seen by a significant reduction in colony forma-FIGURE 3. Wild-type ULK2 increases autophagy and inhibits GBM cell growth. A, LN229 cells were co-transfected with mCherry-tagged LC3 protein and vector or hULK2 plasmid. mCherry LC3 puncta were visualized using confocal microscopy. Number of cells with Ͼ20 puncta were counted and plotted. B, LN229/Vector and LN229/hULK2 cells were grown in DMEM with serum (lanes 1 and 4; for 12 h), DMEM with serum and Temozolomide (lanes 3 and 6; for 12 h), and Hanks buffered salt solution (lanes 2 and 4; for 4 h), and the total protein was isolated. The expression of indicated proteins was analyzed by Western blot. Bar diagrams shows quantification of cleaved caspase 3 and LC3II bands normalized with tubulin. C, LN229 cells were co-transfected with m-cherry-tagged LC3 protein and vector or ULK2 plasmid and treated with temozolomide or control. LC3 m-cherry puncta were visualized using confocal microscopy. Number of cells with Ͼ20 puncta were counted and plotted. D, indicated cell lines were transfected with vector or hULK2 and G418-resistant colonies were selected. The colonies were counted, and mean colony counts are displayed as percentage of vector control. E, LN229/Vector or LN229/ULK2 stable cells were plated, and the viable cells, by Trypan Blue staining, were measured at different time points and plotted. F, LN229/Vector or hULK2 or mULK2 or mutant mULK2stable cells were plated, and viable cells, by Trypan Blue staining, were counted and plotted. G, ATG5 ϩ/ϩ and ATG5 Ϫ/Ϫ iBMK cells transfected with vector control and ULK2 and checked for the LC3 puncta formation using confocal microscopy. Number of cells with Ͼ20 puncta were counted and plotted below. H, total protein from ATG5 ϩ/ϩ and ATG5 Ϫ/Ϫ iBMK stable with vector or ULK2 was isolated, and levels of LC3 I and II were measured using Western blot. The LC3 II band intensity normalized to acting control is shown. I, ATG5 ϩ/ϩ and ATG5 Ϫ/Ϫ iBMK/cells were transfected with vector or mutant mouse ULK2 (mULK2 mutant) or human ULK2 (hULK2) or mouse ULK2 (mULK2), and G418-resistant colonies were selected. Colonies were stained with crystal violet and photographed. J, ATG5 ϩ/ϩ iBMK/Vector or mULK2 or mutant mULK2 stable and ATG5 Ϫ/Ϫ iBMK Vector or mULK2 or mutant mULK2 cells were plated, and viable cells (Trypan Blue staining) were counted and plotted. tion soft agar (Fig. 5A, compare bar 2 with 1) . We also tested the effect of ectopic introduction of hULK2 on the ability of Ras to transform immortalized (E6/E7 and hTERT) astrocytes. We found that Ras-induced transformation was inhibited significantly by hULK2 (Fig. 5B, compare bar 2 with 1) . Further to confirm these observations in vivo, we tested the ability of mULK2 to inhibit the Ras-transformed iBMK ATG ϩ/ϩ and ATG Ϫ/Ϫ cells to form tumors in nude mice. While the iBMK ATG ϩ/ϩ vector stable cells formed tumors efficiently, the iBMK ATG ϩ/ϩ mULK2 stable cells failed to form tumors (Fig.  5C , compare orange line with blue line). In contrast, iBMK ATG Ϫ/Ϫ cells formed small tumors, as observed by others (23). However, there was no significant difference in tumor formation capacity of vector or mULK2 stable cells (Fig. 5D , compare orange line with blue line). These observations confirm that ULK2 inhibits astrocyte transformation in vitro and tumor growth by inducing autophagy.
ULK1 and ULK2, but Not Other Autophagy Genes, Are Inactivated by Down-regulation in GBM-Essential autophagy genes, ATG5, ATG7, and BECN1 are known to be down-regulated in some cancers (14, 27) . To explore the importance of autophagy genes besides ULK2, in the regulation of autophagy during transformation, we analyzed the transcript profiles of all autophagy pathway genes in TCGA and REMBRANDT expression datasets. This analysis showed that ULK1, ULK2, and FIP200 are the only down-regulated genes in GBM, while the , and caspase3/7 activity was checked. The change in caspase3/7 activity compared with control is shown. C, LN229/Vector and LN229/hULK2 stable cells were treated with BrdU for a given time point, and BrdU incorporation was measured using the BrdU ELISA kit. The change in BrdU incorporation compared with vector control cells is shown. D, LN229/Vector and LN229/hULK2 stable cells were treated as indicated, and the percentage of dead cells (Trypan Blue staining) compared with total cells was calculated and plotted. E, U87/Vector and U87/hULK2 stable cells were treated as indicated, and the percentage of dead cells (Trypan Blue staining) compared with total cells was calculated and plotted. F, total protein extract from LN229/Vector or mULK2 or mutant mULK2stable cells was isolated, and the expression level of indicated proteins was checked using Western blot. G, ROS level in LN229/Vector or mULK2 untreated or treated with NAC (5 mM) was measured using DCFDA assay. The mean intensity of ROS was plotted and shown. H, cell death in LN229/Vector or mULK2 untreated or treated with NAC was measured using Trypan Blue staining and plotted as percentage cell death and shown. I, ROS level in ATG5 ϩ/ϩ stable with Vector or mULK2 untreated or treated with NAC (5 mM) was measured using the DCFDA assay. The mean intensity of ROS was plotted and shown. J, cell death in ATG5
ϩ/ϩ stable with Vector or mULK2 untreated or treated with NAC was measured using Trypan Blue staining and plotted as percentage cell death and shown. K, ROS level in ATG5 Ϫ/Ϫ stable with Vector or mULK2 untreated or treated with NAC (5 mM) was measured using the DCFDA assay. The mean intensity of ROS was plotted and shown. L, cell death in ATG5 Ϫ/Ϫ stable with Vector or mULK2 untreated or treated with NAC was measured using Trypan Blue staining and plotted as percentage cell death and shown.
remaining genes are not consistently differentially regulated between GBM and normal brain samples (supplemental Fig.  SF2 ). We also found both ULK1 and ULK2 transcripts are down-regulated in both diffuse astrocytoma (grade II) and anaplastic astrocytoma (grade III), which again confirms the downregulation of these two genes essential for astrocyte transformation (Fig. 6A) . Further, we found that ULK1 is not differentially methylated in GBM compared with normal brain samples, unlike ULK2, which suggests the mechanism of downregulation of ULK1 may be different (Figs. 6B and 2A) . However, copy number variation is not the underlying cause for ULK1 and ULK2 down-regulation (supplemental Fig. SF3 ). We also found that ULK1, similar to ULK2, is also able to inhibit colony formation in glioma cells (Fig. 6D) . This observation confirms that ULK1 is also down-regulated in GBM and has a redundant function similar to ULK2.
We explored the mechanism of ULK1 down-regulation in GBM. As ULK1 is a known target of p53 (28) , and the p53 pathway is inactivated in the majority of GBM, we checked the effect of p53 on ULK1 transcript and protein levels. Adriamycin-induced p53 activation increased ULK1 transcript and protein levels in p53 wild-type cells (U87 and A172), which lead to autophagy induction but not in p53 mutant cells (LN229), suggesting that p53 is a transcriptional activator of ULK1 (Fig. 6, E and F). Thus we conclude that down-regulation of both ULK1 and ULK2 is important in inhibiting autophagy, which is essential for astrocyte transformation.
DISCUSSION
Genetic and epigenetic alterations are primary and important events for the development of cancers. Among epigenetic alterations, changes in DNA methylation of cytosine residues in CpG dinucleotide play a pivotal role in not only initial transformation but also on other aspects of cancer-like migration and invasion. While the majority of the cancer genome, which includes non CpG islands of repetitive DNA sequence genome, is subjected to undermethylation, hypermethylation is seen in CpG islands present at the promoters of many genes (29, 30) . Further, CpG Island Methylator Phenotype (CIMP) identifies a distinct molecular subtype in a number of cancers including glioblastoma (6, 31, 32) . In glioblastoma, G-CIMP tumors appear to be enriched with pro neural subtype tumors and IDH1 mutations (6) . Recently, IDH1 mutation has been found to be the cause of CIMP development in gliomas (33) . Thus, the differences in DNA methylation within GBM have been addressed extensively. In contrast to these studies, while there have been few studies on differential methylation in GBM in comparison to normal brain samples, the role of DNA methy- lation in glioma development needs further investigation (9, 20, 34, 35) . In this study, we have compared methylation of GBM as a single group and also as G-CIMPϩ and G-CIMP-groups separately with normal brain samples and identified both common and group-specific differentially methylated genes. In addition to finding the differential methylome common to all GBM, we also found G-CIMPϩ and G-CIMP-GBM specific differential methylated genes. G-CIMPϩ subset GBM are enriched for proneural expression types with good prognosis, while G-CIMPsubsets are enriched for classical and mesenchymal expression types with poor prognosis (6) . In a good correlation gene ontology analysis, using group-specific differential methylome, we identified specific biological processes that are associated with these two subtypes are quite distinct and able to provide a biological explanation why these two classes of tumors are quite different in their aggressiveness and prognosis.
Of the differentially methylated genes in GBM, there were only three genes (RPL39L, ULK2, and HIST1H1A) that were hypermethylated and down-regulated in both groups of GBM. These three genes appear to be important in glioma development through their epigenetic regulation as they are methylation-silenced in GBM, while RPL39L has been found to be hypermethylated in prostate cancer (36) . HIST1H1A, a member of linker histone H1, has been implicated in cisplatin resistance (37) . ULK2 is one of the two mammalian homologues of UNC-51 of Caenorhabditis elegans and APG/Atg1 of Saccharomyces cerevisiae and is the upstream initiator of autophagy (38) . The promoter methylation, and the consequent downregulation of ULK2 expression was confirmed by multiple methods in this study. First, the infinium methylation array confirmed the ULK2 promoter methylation in three different datasets. Promoter methylation was further confirmed by bisulfite sequencing in both GBM tissue samples and glioma-derived cell lines. The transcript levels of ULK2 was also found to be down-regulated in three different datasets, and all glioma cell lines tested compared with normal brain FIGURE 6 . ULK2 homolog ULK1, target of p53is also down-regulated and inhibits cell growth. A, transcript level of ULK1 in different lower grades of glioma (n ϭ 227) and normal brain samples (n ϭ 28) obtained from the REMBRANDT dataset and plotted. The t test was performed between normal and different grades, and p values are indicated. B, transcript level of ULK2 in different lower grades of glioma (n ϭ 227) and normal brain samples (n ϭ 28) obtained from the REMBRANDT dataset and plotted. The t test was performed between normal and different grades, and p values are indicated. C, methylation levels (beta value) of ULK1 from normal brain samples (n ϭ 8) and GBM (n ϭ 44) were taken and plotted in a box plot. The t test was performed between normal brain samples and GBM, and p values are indicated (NS is not significant). D, LN229 cells were transfected with vector or hULK1 or hULK2 or equal amounts of hULK1 and hULK2 plasmids, and G418-resistant colonies were selected. Colonies were stained with crystal violet and photographed. E, total RNA was isolated from U87cell line after treatment with given concentrations of adriamycin, and the ULK1 transcript level was quantified by RT-qPCR. For each sample, the fold change in gene expression was calculated over its mean expression in untreated samples. F, total RNA was isolated from the U87 cell line after treatment with a given concentration (0.25 g/ml and 0.5 g/ml) of adriamycin and ULK1, p53, LC3 I/II, and tubulin protein levels were measured. G, total protein extracts of LN229/Vector or mutant mULK2 or mULK2 were isolated, and protein levels of indicated proteins were checked by Western blot. The ratio of phospho protein to total protein is shown in the bar graph. H, total protein extracts of LN229/Vector or mULK2 treated or untreated with rapamycin (10 M), and levels of indicated proteins were checked by Western blot.
control samples. Additional confirmation came from the fact that glioma cell lines reexpressed ULK2 transcript upon methylation inhibitor treatment, and there was a significant negative correlation between ULK2 promoter methylation and transcript levels.
Autophagy is a lysosome-dependent bulk degradation of cytoplasmic components, in particular during starvation, for efficient utilization of cellular contents and has been shown to affect wide variety of diseases including cancer. However, there has been contradicting reports that autophagy has been shown to both promote cell survival and cell death (39, 40) . While some studies support an oncogenic role, others appear to demonstrate a tumor suppressor role for autophagy. However, there is overwhelming evidence in the literature to suggest that autophagy is tumor-suppressive. There are several studies that support the observation that many molecules involved in induction, nucleation, elongation, and maturation step of autophagy have a tumor-suppressive role. While there are reports that suggest a dual function for autophagy in chemosensitivity of glioma cells (16 -19) , role of autophagy during glioma development has not been investigated. This study for the first time demonstrates that down-regulation of autophagyinitiating genes ULK1 and ULK2 is essential for autophagy inhibition during glioma development. We further show that down-regulation of ULK2 involves promoter methylation and consequent repression. We also demonstrate that p53 can activate ULK1 and hence p53 pathway inactivation, which happens in the majority of GBM (41) could be the reason behind ULK1 down-regulation in GBM.
Autophagy involves induction, nucleation, elongation, and maturation (40) . After the induction step, vesicle nucleation is an important step in autophagy and is carried out in the complex consisting of PI3KC3, p150, Beclin1, UVRAG, Bif1, Ambra1, and ATG4 (40) . Ectopic expression of Beclin1, a yeast homologue of Atg6/Vps30, has been shown to induce autophagy and suppress breast cancer cell growth (42) . Monoallelic deficiency of Beclin1 is associated with tumor imitation and maintenance (42) . Beclin1 heterozygous mice showed impaired autophagy and an increased propensity for developing spontaneous cancers (14, 42) . Ectopic expression of UVRAG, the activator of Beclin1, has been shown to induce autophagy and suppress proliferation and tumorogenicity in colon cancer cell lines and found to be mutated in colorectal and gastric cancers (43) (44) (45) . Mice lacking both alleles of Bif1, a UVRAG-interacting protein, enhanced the development of spontaneous tumors (46) . We found that all these three genes: Beclin1, UVRAG. and Bif1 are neither down-regulated consistently nor deleted in glioblastoma (supplemental Figs. SF2 and SF3) thereby ruling out any role for these three genes in autophagy inhibition during astrocyte transformation.
The elongation step of autophagy involves two ubiquitin-like conjugation systems including Atg12, Atg8/LC3, Atg4C (also known as autophagin 3, a cysteine protease that cleaves Atg8), Atg7 (an E1 enzyme), Atg3 and Atg10 (E2 enzymes), and Atg16 (13) . Mice lacking Atg4c show impaired autophagy and increased susceptibility to carcinogen-induced fibrosarcoma (3). Further, frameshift mutations in Atg5 were found to be common among microsatellite-instable (MSI-H) tumors and silencing of atg5 lead to genomic instability (47, 48) . While the above data illustrates the important role played by the inactivation of these genes in cancer development, we found that Atg4c, Atg5, and many other genes of elongation step are neither down-regulated for their expression or deleted in glioblastoma (supplemental Fig. SF2 and SF3 ) thereby ruling out their role in autophagy inhibition during astrocyte transformation. In fact, we found the Atg3 and Atg4c to be up-regulated in glioblastoma compared with normal brain samples.
The Atg1 kinase complex plays a major role in the initiation of autophagy (induction step). In mammalian cells, this complex consists of ULK1, ULK2, Fused, Atg13, FIP200, and Atg101 (40) . This complex is controlled by the nutrient sensor-mTOR, which phosphorylates ULK1/2 and Atg13 and inhibits autophagy. Since this complex appears to play an important role in controlling autophagy, genetic alterations in the members of this pathway would be expected in cancers as it would promote transformation. However, there have been no reports of genetic alterations in any of these genes in cancer as yet. While our study found that most genes in this complex are neither downregulated nor deleted in glioblastoma, the transcript levels of ULK1, ULK2, and FIP200 are down-regulated significantly in glioblastoma compared with normal brain samples (supplemental Fig. SF2 and SF3) , which suggest the down-regulation of these proteins may be important for autophagy inhibition to facilitate transformation during glioma development. However, mTOR(the inhibitor of Atg1 complex), which is constitutively activated by the PI3 kinase-Akt cascade in many cancers because of multiple upstream signaling from various tyrosine kinases as well as inactivation of inhibitors of this pathway, which include PTEN, AMPK, and TSC1/TSC2, can effectively inhibit autophagy (49) . This would mean inactivation of Atg1 complex members may be redundant and may not be essential for autophagy inhibition during transformation.
However, Atg1 overexpression has been shown to inhibit mTOR activity using negative feedback loop leading to induction of autophagy and cell growth inhibition in Drosophila (24) . The existence of a negative feedback loop between ULK1/2 and mTOR is further confirmed by the presence of activated mTOR in ULK1/2 double knock-out mice (50) . Further, it has been shown that ULK1 and ULK2 inhibit mTORC1 by binding to and phosphorylating the raptor, the regulatory-associated protein of mTOR (51) . In a good correlation, our results also indicate that overexpression of wild-type mULK2 inhibited mTOR activity as seen with reduced p4EBP1 and pP70 compared with the vector or kinase mutant form of mULK2 (Fig. 6G) . Also, inhibition of mTOR signaling by rapamycin treatment increased ULK2-mediated autophagy (Fig. 6H) , suggesting a role of mTOR in ULK2-mediated autophagy. The down-regulation of FIP200, another member of Atg1 complex, in glioblastoma may appear to downplay the importance of ULK1 and ULK2 down-regulation in autophagy inhibition to promote glioma development. However, the role of FIP200-induced autophagy has been shown to promote mammary tumorigenesis and support the maintenance of neural stem cells (52, 53) . Hence, we believe that ULK1 and ULK2 down-regulation is more important as it not only leads to autophagy inhibition as well as acti-vation of the mTOR complex, which is known for its positive role in transformation.
Thus, our study demonstrates for the first time that downregulation of ULK1 and ULK2, the upstream autophagy activators, is essential for autophagy inhibition thus promoting transformation. While ULK2 down-regulation in GBM involves its promoter methylation, inactivated p53 pathway in GBM appears to be responsible for ULK1 down-regulation. Further, our study reinforces that autophagy is tumor-suppressive, and its inhibition is essential for astrocyte transformation.
